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SUMMARY 

The purpose of this program is to develop an understanding of the 

molecular kinetics pertinent to new high efficiency, high power electronic 

transition lasers.  We are studying high pressure gases that are initially 

excited by intense bursts of electrons.  This initial pumping energy, which 

is primarily deposited by creating atomic ions, rapidly collects in the 

lowest molecular excited state with an overall efficiency for the rare 

gases near 50%. 

Rare gas dimers for which the ground level is repulsive, in 

particular Xe , Kr . and Ar , have already demonstrated laser action 

but with disappointi.g efficiencies.  This problem, coupled with the 

relatively high gain (implying low energy storage capacity) and with 

vacuum ultraviolet wavelengti , has led us to consider ways of trans- 

ferring the energy deposited in the rare gas to other gas molecules 

to improve total efficiency, shift the wavelength to the near ultraviolet 

or visible, and improve the energy storage capacity. 

In this report we describe general^v our experimental survey of 

candidate gas mixtures and our detailed studies of the Xe + 0 system. 

The important results in summary are: 

(1) Energy from a high energy electron beam can be efficiently 

transferred into excited states of the rare gases and then transferred 

to specific excited states of other gases. 

(2) The weakly bound excimer Xe0(2 £ ), which is formed from 

Xe + 0( S), Is an excellent laser candidate with possible efficiencies 

of 6% and 11% in the green (5376X) and uv (3080A) bands respectively. 

(3) From our kinetic studies we have concluded that the efficient 

production of XeO proceeds through two energy transfer steps:  first, 
3       1 

dissociation of 0 ; and second, excitation of 0( P) to 0( S). 
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(4) Kinetic modeling, coupled with experiments to cletcrminc 

excited state populations and reaction rate coefficients, can lead to 

the discovery of new laser systems and guide their development. 

♦ 
Measurements were made ol the density of the Xe  and XeO 

2 

excimers and their temporal behavior following excitation ol the xenon. 

Estimates of the extent ol 0 dissociation were obtained from 

absorption measurements of the ozone produced by the recombination of 

the oxygen atoms.  These data allowed us to determine a 

number of reaction rate coefficients that could be combined with 

others obtained from the literature to construct a preliminary 

kinetic model.  The agreement between this model and our experimental 

observation supports our picture of the important energy pathways 

and has allowed the prediction of possible laser efficiencies. 

- - — ^gg^^^ggggg^ mm 
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BACKGROL'ND 

A considerable effort has been devoted recently to the development 

of high energy vacuum ultraviolet lasers by pumping high pressure rare 

gases with electron beams (KFRE72, HSR73a-b, GJ73a-b).  Efficiencies 

for the conversion of electrical energy into excited electronic states 

of the rare gases may be as high as 50% (L072, CoC74).  At high pres- 

sures this stored energy can be extracted as vuv radiation from the 

excited rare gas dimers (excimers). Moreover, for sufficiently rapid 

and intense energy deposition, lasing action has been shown to occur 

on the excimer transitions.  Unfortunately, experimental results and 

more detailed models (LEH73, GR73, HSRWG74) have indicated that photo- 

ionization of the excimers and other processes limit the laser effi- 

ciency to about 1%, far less than the earlier expectations of high 

laser efficiencies that were based on the repulsive nature of the rare 

gas ground state potentials.  In any event, the detailed models (LEH73, 

GR73, HSRWG74) and the experiments (KFRE74) clearly indicate that the 

excimer levels can be efficiently populated by e-beam pumping under the 

proper conditions. 

We are seeking ways to make use of the efficient and specific 

energy available in the rare gas excited states to produce laser 

action in the visible or near uv range.  Perhaps the most straight- 

forward approach is to collisionally transfer the excitation directly 

to another radiating system, atom, or molecule to achieve laser action 

in these systems.  For this approach to be ideal, the transfer rate 

should be rapid and specific, populating only one or two excited states 

of the acceptor.  These states should be somewhat metastable against 

radiation and strongly resistant to quenching, and of course the lower 

level should be unpopulated and strongly quenched by either radiation 

or collision. 

■ - —-  tmimmmnmmt 
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The basis  of our approach lias been an experimental survey ol 

possible candidates, followed by detailed kinetic analysis ol the 

transfer and quenching processes for favorable systems, Leading to 

meaningful predictions of potential laser efficiencies.  A preprint of 

a paper (which has been accepted for publication in the J. of Applied 

Physics) describing some preliminary results of our on-going survey 

program is provided as an appendix. 

Our initial survey work revealed the great promise of the Ar + N 

system.  It has now been studied in considerable detail |see our preceding 

report (HGHML74)].  The kinetic model we developed, supported by our 

experimental observations, gave predictions of operating efficiencies 

of 1% in the near uv, 2% in the near ir, and a potential efficiency of 

10-20% in several bands near 2500 A.  Observation of laser operation 

at NRL (SH74) and Northrop (AB074) and recently at LASL (Hu74) 

have supported our efficiency estimate for the 3577 A and 3805 I 

emissions from N^C lO.  Laser action on the first-positive and Vegard- 

Kaplan systems remains to be demonstrated. 

Our survey also indicated the promise of energy transfer from 

xenon to oxygen containing molecules.  This report describes in detail 

our experimental observations and theoretical analyses to date.  In 

our studies of the Xe + 02 system we believe that we have identified 

the important energy pathways.  Preliminary values for most of the 

necessary reaction rate coefficients have been obtained from analysis 

of thj kinetic data.  The kinetic picture is not yet complete, but it 

appears that efficiencies as high as 6% (at 5376A) and 11% (at 3080A) 

may be attainable under optimum conditions. 

Win liT-nr fi-?nriV fMliittll^M'Wtinilllililil-hiflr Hiftil - >.^..^^.w..--... 
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INTRODUCTION TO XENON OXIDE 

In the search  for efficient,   high     power  lasers  much  attention 

is being paid to species   that    are  radiatively and collisionally meta- 

stable.     It is difficult  to  obtain a  large excited state population and 

hence high energy density unless  the  spontaneous  radiative  and colli- 

sional decay occur on a time  scale  significantly  longer than  the avail- 

able pumping rates.     Of particular concern is  the excited  state-excited 

state mutual  destruction  rate.     Further,  the    necessity of  depopulating 

the lower laser level must not be  ignored. 

In a recent report,   Murray and Rhodes  (MR73) have  suggested the 

second metastable  level  of  the  oxygen atom as  satisfying  the above cri- 

teria.     The free radiative  lifetime of 0( S)  is about  0.8  sec   (NSW 71,  CoW72). 

Collisional quenching by most  gases  is quite slow;   in particular  it  is 

generally much slower than  the quenching of 0( D)   (see DH70) .     If  a  sufficiently 

efficient production  scheme  can be  identified,   then a  laser based on 

0(  S)  could be very promising  for a variety of applications. 

In our survey study of  laser candidates that  utilize energy  trans- 

fer from rare gas metastable atoms  and excimers,   our interest  in 0( S) 

is  somewhat accidental.     We  found  that in Febetron excited  xenon,  even 

in the absence of  intentional   sources of oxygen,  the green  and uv bands 

of XeO were frequently the  dominant emissions.    Subsequent  to our pre- 

liminary observation  (GHHNL73),   and  in cooperation with  our efforts,  the 

Livermore group has  observed   (MPR74,   PMR74a-b)   strong   laser  action  in XeO,   KrO 

and ArO.    We report here a  summary to date of our efforts  to understand 

the structure of the XeO molecule ard the kinetic processes that    govern 

its production and decay.     A portion of  this work was described at  a 

recent  conference   (LHGHN74). 

t^„.^M,^.:^.^^..^..™..^-.~^.>.-....^ ..-....■.   ,. ..^.^■J^.^.—,-...^..J....^.-,.  ../^,...^^*^&*, 
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The central problem is trying to construct an adequate kinetic model 

3     1 
is to deduce the behavior of the non-radiative species, 0( P), 0( S) and 

0 from the behavior of the directly observable species, XeO, Xe and 0 . 

After a brief description of our experimental procedures, we describe 

the structure and spectra of the XeO molecule.  Next, the steps leading 

to production of 0( S) atoms are detailed, and this is followed by a 

discussion of the time behavior of the observed XeO radiation.  The 

kinetic model is then constructed and used to derive predictions for 

0( S) production.  Finally, estimates are given for possible laser 

efficiencies under optimum conditions. 

/ 
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EXPERIMENTAL APPARATUS AND PROCEDURE 

The experimental system is quite similar to the one described 

in our previous report (HGHML74) and is schematically presented in 

Figure 1.  Optical emissions, resulting from the pulsed electron excita- 

tion oi a gas mixture under high pressure, are viewed by a 0.5 meter 

monochromator-spectrograph (McPherson model 216.5).  A Febetron 706 

(Hewlett Packard) provides a 2  to 3 nsec, 6000 amp pulse of 600 KeV 

electrons, which enter a stainless steel experimental cell through an 

inconel foil (1 mil thickness).  The cell has windows made of MgFg and 

is designed to operate with sample gas pressures between 200 and 10,000 

torr (approximately 0.25 to 15 atmospheres).  By evacuating both the 

spectrometer and the passage between the cell window and the spectrometer 

entrace slits, we have been able to view the Xe2 excimer radiation at 

1720 Ä. 

As described in some greater detail below, each Febetron shot into 

a xenon/oxygen mixture dissociated a significant portion of the 02 (as 

much as 10cc).     On the second and subsequent shots the XeO signal was 

found to be more intense and to decay more rapidly.  This is interpreted 

in terms of ozone formed by recombination of the dissociated oxygen.  It 

was therefore necessary for the gas mixture to be pumped out and a new 

charge of gas to be added before the next excitation p^se could be 

delivered.  We found that our magnetic stirrer enabled us to do these 

steps every 15 minutes.  Each data point presented represents a new 

mixture of Xe + 0. with measured number densities of 0., and Xe. 

Our time-integrated spectra of the emissions have been taken on 

both Kodak Tri-X (400 ASA) and Polaroid Type 57 (3000 ASA) film.  Band 

structures and wavelengths are then determined with the aid of either a 

microdensitometer or a travelling microscope.  The temporal behavior of 

■"■-- ■-^- -'-"— '■--•■' -'■ ■-^-~~-..--^-. ■  - --   - ■-■ - - ■——■-^ ■■-'- 
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the XeO emissions is recorded by photographing the oscilloscope traces 

(Tektronix model 485) of individual excitation pulses as detected by a 

photomultiplier (RCA 1P2«), 

For our time decay studies, we looked at 5376 ^ (major green bands), 

5650 A (minor green bands), 3080 j\ (uv bands), and 1720 £   (Xe. excimer 

bands).  The absorption studios, which monitored the growth of the 0, 

density, were made by measuring the transmission through the cell of 

the 2537 j\ emissions from a mercury pen lamp. 

We found that the temporal behavior of the 5376, 5650, and 3080 J\ 

decays was the same in terms of rise time (50-200 nsec), time of peak 

signal, and decay time (0.5-10 u,sec).  Further, the relative intensities 

of the various XeO emissions were found to be independent of gas pressure 

and composition.  Most of our data was taken at 5376 A.  Spot checks of 

the other band systems showed identical temporal behavior.  The Xe, 

excimer vuv emission near 1720 A wus detected by depositing a layer of 

sodium salicylate on the PMT glass envelope.  Unfortunately the natural 

decay time of this scintillator (9-11 nsec) prevented the monitoring of 

7    -1 
decay frequencies faster than about 7 x 10 sec 

The relative intensities of the green and uv emissions were determined 

by computing the total photon flux that was emitted by each band system, 

and then taking the ratio of the two fluxes.  Our slit function measurements 

(determining how much of the total band is viewed by the band pass of our 

spectrometer) contributes the largest error (30^) to our ratio value. 

Accurate determination of the XeO uv emission intensity is complicated by 

the broad but fast decaying continuum background underlying the slower 

decaying narrow XeO band.  This same superposition has been observed by 

Cunningham and Clark (CuC74). 

Our determination of the number densities of Xe was based on an 

absolute calibration of the vuv spectrometer system. We were able to 

extend our previously computed values (from 2470 A to the longer wavelengths) 

'tMli'ii iHI il --——'■■ ,.^-..^.^.*±.*^^>.-,.^.^.; „.„.*.. 
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down to 1700 A by combining the molecular branching ratio method UluZ"7!) 

with our procedure of using a tungsten ribbon filament radiance lamp. 

For the branchir:; ratio method, we used both the NO y  bands and the CO 4+ 

bands.  We do not feel that the calibration at this time can give 

absolute values to better than a factor of 3. 

10 
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THE ENERGY LEVELS AND SPECTRUM OF XeO 

The green emission bands of the XeO molecule were first reported 

by Kenty et al (KANPP46) from a xenon-oxygen high frequency discharge. 

They mention that even at the 1 ppm level of 02 the XeO bands can be 

detected.  A number of investigators have studied these bands in the 

region 4800-5800 A (HH50, CCT61,Co?, W165, CuC74). Other emissions in 

the regions 6500-8600 A and 2900-3200 A have been observed as well 

(HH50, CCT61,CuC74). Each of these emission features may be correlated 

with the various forbidden transitions in the oxygen atom, but each is 

shifted, broadened, and intensified by formation of the weakly bound 

XeO molecule. 

Figure 2 shows an energy diagram for the oxygen atom, with some of 

the transition wavelengths listed.  The correspondence between atomic 

transitions and the green, red, and uv bands of XeO is at least sugges- 

tive and perhaps obvious.  It remains then to examine in detail the 

spectra and potential curves that give rise to them. Our discussion 

here will concentrate on the green and uv bands.  These are the emis- 

sions that have been studied in our laboratory, and they hold the best 

nromise of efficient laser action. 

We first describe the symmetries of the states to be expected by 

combination of a xenon atom and an oxygen atom. The xenon atom has a 

^ ground state.  Its first excited state lies at 8.3 eV.  Combination 

with O(S) yields a single electronic state 

Xe(1S ) + 0( S ) H. XeO (2 7 ) 
o       o 

11 
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Combination with 0(D) yields three possible states: 

XeO (WO 

Xo( S ) + O^D )  < - XeO (l1n) 
o       2 

^ - XeO (I1 A) 

The states  arising   from O/P)   are  slightly  more  complicated.     At   large 

intemuclear  separations   (perhaps  to within  the  van der Waals   radius) 

the oxygen  spin-orbit   interaction  is dorrlnant: 

+  0(   P2) - Xe0(it2,l,0   ) 

l)3 
Xe(   So) ) +  0(   Pl) "" Xe0(!"!-1.0   ) 

3 + 
P ) - XeO(Q=0  ) ^ +  0( 

At smaller internuclear distances the electrostatic repulsion over- 

whelms the spin-orbit interaction, then the spin and electronic angu- 

lar momentum recouple to give 

Xe( S ) 
o 

3    I + 0( P7) / 

- xeo( n   + _) 
2,1,0 ,0 

3 - 
XeO( T.       +) 

1, u 

Examining the molecular orbital configurations in greater detail 

allows us to order these various states with respect to their energies, 

In particular we see that 

k 

13 
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Xe( So) + 0( S) - XeO(21E+) - rXe] (ls)
2(2s)2(2p7r)2(2prT)2 

Xe( S)  + 0( D) - XeO(l E ) -* rXel (is) 2(2.s) 2(2p7r)'1 

■^XeOdO) - r.\e1 (ls) (:!s)2(2p7T),<2prT 

- XeO(l A) - rXe1(ls)"(2.s)2(2pTr)2(2prr)2 

Xe( S) + 0( P) -XeO( H) - rXel(l.s)2(2s)2(2pTr)32prT 

3,,- 
• XeO( S )  - Xe1(ls)"(2.s)''(2pTr)"(f2pfT) 

Essentially the strength of the repulsion between the oxygen and the 

xenon can be correlated with the number of 2pnr electrons that the 

oxygen atom points toward the xenon.  Specifically we would expect 
..  3 -  1      l + 
the L   ,     A,and 2 L     states to be strongly repulsive, somewhat less 

repulsive will be the H and H, finally the iV is expected to be 

bound.  m fact, tne binding of the 1 E is rather stronger than 

would be anticipated from these simple arguments.  Much of the binding 

arises from partial inclusion of ionic character (Xo+ 0~) into the 

electron distribution.  It is this same ionic character that gives 

rise to the small attractive well in the 21L,+, in spite of the repul- 

sive nature of the simple covalent configuration above. 

The Major Green Bands 0>4800-5600 ?):  21/^ - lh:+ 

The various XeO emissions we have observed are shown in Figure 3 

(a low resolution, + 1 A, Polaroid print).  The green bands are shown 

in greater detail in Figure 4 (a logarithmic densitometer trace).  The 

assignment of the 2 I - 1 E vibrational bands is due to Cooper et al, 

(CCT61), To our knowledge two attempts have been made to perforir. a 

rotational analysis on this transition  (CCfGl, Co?, Wi63). Indeed, 

There are a number of typographical errors in this paper (CCT61).  In 

d be interchanged.  Ii 

The entry for 4,1 was 

Table I the assignment of bands 3,1 and 0,0 should bo interchanged.  In 
Table II transition 0,6 should read 18372 cm 
entered twice; it should read 

'I 5 6 7 
1    20135 (56)   20219 (43) 20262 (39)   20301 
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Cooper used the absence of a ^-branch to assign the electronic symme- 

tries.  Unfortunately a  detrlled analysis is immensely complicated by 

nearly equal abundance of the three most common isotopes of Xe, with ;i 

total of seven Isotopes of 1,9% abundance or greater.  This means that 

all the rotational linos are blurred, and for high J, b«idley over- 

lapped.  The inability of Cooper et al  (CCT61) and vvnt (Wi65) to 

agree on the rotational assignments indicatps a need for a careful 

analysis of the spectrum of isotoplcally pure XeO. 

One would like to obtain from the spectroscopic analysis a dissocia- 

tion energy for each of the various excited states.  To examine the 

information available, a graph of AG(v) versus v for the 1 S+ state is 

shown in igure 5.  To obtain a value for the dissociation energy, an 

extrapolation to AQ = 0 is necessary, but it is a very long one, and 

uncertainties of at least   100 cm  must be expected.  The formula 

tv) = 357 fifiv - 

D (1 7+)  = 2617 cm"1, 
o 

we have used is G,(v) = 357.66v - 11.08 v - 0.08 v3cm 1
( with 

The graph of &G(v) is also r^hown for the uppei state, 2 J-. .  We 

2  -] 
have used G0(v) = 143v - lOv cm . We notice a marked break in 

the vibrational spacings above v/=4.  Cooper et al. used a cubic 

fit to represent this change in vibrational progression.  We have 

chosen an alternative explanation, namely that the levels above 

v/=4 are actually above the dissociation limit, and radiate as 

transient states inside a potential barrier.  This may be sup- 

ported by the observation of Cooper et al that the higher v' levels 

in the 2 1"  1 L transition do not show fine structure.  Further 

support is obtained from the dissociation en«-.gy of the 1 11 state to be 

discussed below, and by qualitative remarks above discussing the origin 

of the binding in the XeO (2 E+) state. 
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FIGURE  5      VIBRATIONAL SPACINGS  FOR  THE   LOW-LYING  BOUND SINGLET STATES OF  XeO 
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o 1     + 1 
The Minor Green Bands (XX5600-5800 A), 2 E ^ 1 11; 

o 

The XeO emission bands near 5650 and 5675 ![   are shown in Figure 6 

(Polaroid print) and in Figure 7 (densitometer trace).  These sharp but 

complicated features have been recorded previously (KANPP46, HH50, 

CCT61) but not analyzed.  We have attributed these emissions to the 

2 E -ill transition.  The preliminary vibrational assignments are 

given in Table  I.   Table  II  gives a Deslandres display of the vibra- 

tional bands.  See Figure 5 for a plot of AG(V).  The vibrational con- 

stants Q) = 97 cm  , in x = 8.7 cm  , yield a dissociation energy of 

1  e      -1    P ^ 1 +   , D (1 n) = 222 cm  •  This fixes the absolute energy scale for the 2 £ and 

1 T states as well, removing the need for a long extrapolation.  This 

yields D (2 E+) = 450 cm" , D (1 E+) = 2617 cm  and places v' = 5,6,7,8 
o o 

of the 2 E  above the 0( S) dissociation limit. 

0    1    3 
The uv Continuum (X3080 ± 40 .A) :  2 E - 1 11 

Herman and Herman (HH50) first reported the observation of a 
c 

continuum emission band centered about 3080 A in their xenon-oxygen 
1 

discharge.  They also observed the 2972 A atomic transition 0( S ) - 
3 

0( P ).  Similar observations were made by Cunningham and Clark (CuC74), 

At our higher xenon pressures we observe only the single asymmetric 

continuum band (a densitometer trace of which is shown in figure 8). 

We find that the total emission over the uv band is approximately 1/12 of 

the total green band emission.  Such a continuum is commonly attributed to 

a transition that terminates on a dissociate lower state.  We have interpreted 

this continuum as the molecular transition in XeO corresponding to the 2972 A 

atomic transition.  The transition is red shifted due to the binding of the 
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TABLE   I 

-^  1  a   BANDS OF XeO 

X(A) 

5719 

v(cm 

17486 

) v'v" IM 

0,4 cw 

5709 17516 0,3 vw 

5693 17565 0,2 w 

5679 17609 1,5 s 

5675 17621 1,4 vs 

5673 17627 0,1 vs 

5667 17646 1,3 m 

5651 17696 1,2 m 

5649 17702 0,0 vs 

5641 17727 2,5 vw 

5637 17740 2,4 w 

5631 17759 1.1 m 

5629 17765 2,3 m 

5614 17812 2,2 w 

5606 17836 1,0 vw 

5602 17850 3,3 vw 

5595 17873 2,1 ew 

(a) vs = very strong, s = strong, m : = medium, w : -  weak. 
vw = verv weak, ew = < »•jrhToraol T r   mi aa lr 
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TABLE   II 

DESLANDRES TABLE FOR THE 2ly -,     l^ BANDS OF XeO 

1 

0 17702 

(75) 

(136) 17838 

(79) 

1 17627 (135) 17759 (111) 17823 

(62) (63) (61) 

2 17565 (131) 17696 (116) 17812 

(49) (50) (47) 

3 17516 (133) 17646 (119) 17765 

(30) (25) (25) 

4 17486 (132) 17621 

(12) 

(112) 17740 

(13) 

5 17609 (115) 17727 

■■ 
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FIGURE  8      DENSITOMETER TRACE OF  XeO  UV CONTINUUM 
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1 L -l*      * 2 E  (D = 450 cm  ), and upper state. Z .  U^ = —  -^ the rise of the repulsive lower 

state, probably 3n from Xe + 0(
3P).  From the magnitude of the red 

that in the Franck-Condon region the lower state 
shift we can conclude 

is about 800 cm  above 
the Xe +  Oi   P  )   separated atom limit 

Potential Curves for XeO 

From these spectroscopic data we can now attempt to construct 

approximate, and at least semiquantitative, potential curves.  From the v 

a) x  and Do values for each state we can construct Morse potentials. 

The'relative values lor ^ for each state can be estimated by eyeball 

adjustment of the vibrational turning points to get Franck-Condon fac- 

tors consistent with the observed emission intensities.  This procedure 

may be made somewhat inaccurate by the probable dependence of the elec- 

tronic transition moment on the internuclear distance.  The Morse curves 

for the bound levels that  result are shown in Figure 9. 

in the absence of a satisfactory rotational analysis,the absolute 

internuclear distance scale must be obtained from the repulsive curves. 

Abrahamson (Ab69) has provided exponential approximations to Thomas- 

Fermi-Dirac/Bom-Mayer repulsive potentials for diatomic molecules.  For 

Xe + 0(3P) his tables give V(R) = 8590e"3-65R (V in eV. R in A).  We 

might use such a potential to describe the lower state of the XeO uv 

band. 

To justify such a procedure we may examine the similar potential 

for ArO.  Recent ab initio calculations of the low lying levels of ArO 

have been performed by Stevens (St74) .  His calculations show that the 

potential cur  : for the Ar0(3n) and ArO(V) are both nearly exponen- 

tial, with the same exponent, and but with the V being approximately a 

factor of 1.7 higher xhan the 3n.  Abrahamson's exponential approximation 
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FIGURE 9      MORSE  POTENTIALS FOR  THE   LOW-LYING  BOUND SINGLET STATES OF  XeO 
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falls between the two ab Inltlo curves, and on a logarithmic scale is 

nearly parallel to them. 

For XeO we choose the Abrahamson exponential as the potential for 

3n 3 - 
the XeO(l U),  The XeO(l E ) is chosen to be 1.7 times as repulsive in 

analogy with ArO.  To fix the internuclear scale for the bound states 

3 3 
we choose the point where the XeO(l H) is 800 cm  above the Xe T 0{ P ) 

asymptote  and place the equilibrium internuclear reparation of the 

Xe0(2 Z ) at that distance.  The various potential curves are shown in 

Figure 10, and the parameters of the bound states are given in Table 

III.   The repulsive Xe0(l A) state has been given the same parameters 

as 1 Z but moved to the 0( D) asymptote.  Subsequent to the construction 

of these potential curves, the recent experimental work by Forman et al (FLU74) 

has suggested that the potential curves of Abrahamson for XeO may need 

to be shifted inward by approximately 0.2 A.  According to the prescrip- 

tion used here,the same inward shift would be applied to the bound states 

as well.  Our failure to include the Xe-0 Van der Waals interacti jn and 

spin-orbit coupling also introduces some inaccuracy to the calibration 

of the internuclear distance.  The need for a rotational analysis is 

apparent. 
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FIGURE  10      SEMIQUANTITATIVE  POTENTIAL CURVES  FOR  THE 
LOW-LYING STATES OF  XeO 
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Table III 

SPECTROSCOPIC CONSTANTS FOR SINGLET 

a 
STATES OF XeO 

State 
T 
e 

153 

^Xe 
R 
e 

u 
o 

1 + 
2 S 33268 10 3.1 450 

1^ 15600 97 8.7 3,2 222 

1 + 
1 2 13068 372 12 2.65 2617 

-1       o 
a. energies in cm  , Re in A 

3  x 
b. above Xe + 0( P ) 

c. based on eyeball relative adjustment of Morse potentials 

referenced to Abrahamson repulsive potential (Ab69) 
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PRODUCTION OK 0( S) IN XENON/OXYGEN MIXTURES 

The bright emissions observed indicate that high densities of 0( S) 

are produced.  The mechanism of this production is in no way conspicuous, 

Of particular interest is the observation of similar production effi- 

ciencies in Xe/O^, Xe/N 0 and Xe/CO( , but negligible production in 

Xe/CO (KANPP16, T173,T174).  Some of the pertinent energy levels are 

shown in Figure 11.  We notice immediately that the energy stored In 
+ 3 * 1 

Xe ( P  ) or Xe^ is insufficient to produce 0( S) by direct dissocia- 

tive excitation of 0^  and CO .  Tisone (T17:5) suggested that transfer 

* 3 1 
from the more energetic Xe ( P ) might produce 0( S) in a single step. 

Inspection of Figure 11 suggests that even the higher levels of Xe 

would have difficulty reaching the curves that dissociate to C  S). 
* 3 1 

Further, Xe ( P ) is not sufficiently energetic to give 0( S) from CO . 
O 2 

On the basis of our kinetic studies we believe that the most plausi- 

ble excitation scheme involves two energy transfer reactions: 

(l)  Dissociation 
J0(lD)   + 0(3P) 

Xe  or Xe2 + 0,, -, jo(3p) + o(3p)  + ground state Xe (1) 

(2)  Excitation 

*     *    3      1 
Xe  or Xe  + 0( P) - 0( S) + ground state Xe (2) 

Recent work by Velazco and Setser (VS74) indicates that energy 

* -10  3 
transfer from Xe  to 0 occurs readily (k = 2,2 x 10   cm /sec).  One 

would expact this reaction to be mediated by the charge transfer channel 
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Xe  + O Xe  02  "* Xe + 0 + 0 (3) 

h 

The crossing of the neutral and Ionic surfaces at Rc=7.8 a0 would 

suggest a quenching rate coefficient (k % vTTR 2) of 3 x 10~10 cm3/sec. 

Energy transfer from Xe*  should also proceed through an ionic interme- 

diate, with a similar rate coefficient. 

Energy transfer to 0(3p) might seem less likely due to the lack of 

suitably resonant energy levels.  Once again we would expect an ionic 

intermediate to be important.  The potential curves are sketched in 

Figure 12. for the case of Xe* + 0(3p) .  Production of O^S) is the 

nearest exothermic channel for energy transfer.  The reactants approach 

until the ionic potential surface is reached.  Electron transfer puts 

the reaction onto the ionic surface.  The electron is returned when the 

final product surface is reached.  The initial crossing at R = 10 8 a 
i  ,  . Co 
leads irreversibly to energy transfer with a rate coefficient of 

-10 + 

5.7 x 10   .  Energy transfer from Xe , which has nearly the same ioniza- 

tion potential as Xe^ should proceed nearly as rapidly. 

Quenching of Xe 

To investigate the energy pathways in some greater detail 

we measured the quenching by 0,, of the Xe,,* fluorescence in the region 

of 1720-5 I.    An adequate reference point was obtained by first 

studying the pressure dependence of this fluorescence in pure 

xenon.  In a previous report (LEH73) we discussed the pressure dependence 

of the apparent radiative lifetime of Xe*.  To provide more accurate 

values in the pressure region of current interest, we have observed the 

Xe2 decay frequency for xenon pressures from 250 to 39U0 torr.  Figure 

13 shows the full range of values now available at high excitation 
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densities.  Figure 14 shows the decay frequency for the 0 to 4000 torr 

pressure range. 

The operation of the proposed two-step scheme for producing 0( S) 

will depend strongly on the number of excimers or metastables available 

for energy transfer.  Furthermore, determination of the efficiency will 

require a knowledge of the energy deposition.  Simple arguments suggest 

that the energy deposited should increase approximately linearly with 

the rare gas density, and slightly faster than linearly with the atomic 

number.  By performing an absolute calibration of the photon flux and 

integrating the photon flux over the duration of the excimer formation 

and decay we may determine (in the absence of serious quenching) the 

total density of excimers produced in a given excitation pulse.  Figure 

15 shows the result of this procedure.  At best, a factor-of-three accur- 

acy can be attributed to the absolute calibration.  The linear deposi- 

tion is well demonstrated, at least over this pressure range.  The abso- 

15 3 
lute deposition of 4.8 x 10  excimers/cm per atmosphere in xenon compares 

15 
will with the value of 1.1 x 10  used previously (HGHML74) for deposition 

in argon. 

Figure 16 shows the additional quenching of the Xe excimer fluo- 

rescence by added molecular oxygen. The breaks in the decay plots 

suggest that more than one quenching mechanism is operating.  Based on 

the proposed two-step mechanisr one would expect the quenching reaction 

Xe  + 0 - 2Xe + 20 
2   2 

(4) 

to be dominant at the highest oxygen pressures.  One obtains a quenching 

-10  3 
rate coefficient of 1.5 ± 0.2 x 10   cm /sec by 0 .  If a significant 

3 
fraction of the 0 is dissociated through reaction 4, the 0( P) with 
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FIGURE   14      PRESSURE  DEPENDENCE  OF  XENON  EXCIMER  RADIATIVE 
DECAY  FREQUENCY  (0 - 4000 torr) 
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FIGURE  16      OXYGEN QUENCHING OF  XENON  EXCIMER  FLUORESCENCE 
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its larger expected quenching cross section, can cause a significant 
* 1 

loss of Xe .  Indeed, this Is necessary If one expects to produce 0( S) 
2 * 

efficiently.  We Interpret the low 0 quenching of Xe  shown In Figure 
2       3 

16 as arising dominantly from quenching by 0( P) .  After we have ob- 

3 
tained a measure of the 0( P) density (below), a rate coefficient can be 

determined. 

Ozone Formation 

Having identified the Important role played by ground state oxygen 

atoms, we sought a more direct means of determining their concentration. 

As described above, our preliminary kinetic measurements were obscured 

by the copious production of ozone In xenon/oxygen mixtures repeatedly 

excited by the Febetron.  This should have been obvious since discharged 

rare gas/oxygen mixtures are often used to pr^niuce ozone in macroscopic 

quantities.  Since we used this ozone production as a diagnostic aid, we 

should examine the kinetics of its formation. 

The competing processes are 

0 + 0 + M-0 +M 
2 

0 + 0  +M-0 +M 
2       3 

0 + 0 -^ 20 
3    2 

Johnson (Jo68) gives recommended rate coefficients for these reactions 

with 0 as the third body: 

-30 -1 6 
k (0 ) = 3.80 x 10   T  exp(-170/T)cm /sec 
a  2 

-35 , ,   6 
k (0 ) = 4.63 x 10   exp (1050/T) cm /sec 

-11 3 
k r: 2.00 x 10   exp ,:-2395/T) cm /sec 
c 
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Setting T = 300 K, and assuming that xenon is approximately 1/3 as 

effective a collision partner as 0 , we obtain 

-33  6 
k (Xe) % 2.4 x 10   cm /sec 
a 

-34  6 
k (Xe) -- 5.1 x 10   cm /sec 
b 

■15 
k  = 6.8 x 10 
c 

Detailed solution of the kinetic equations will not be necessary 

at this time.  For comparison with experimental data to be presented be- 

low, we consider the case of 10 torr 0 in i  atm xe with 1% initial dis- 
3 

sociation of the 0 into 0( P).  The dominant reaction should be 

0 + 0 + Xe, which would consume the free oxygen atoms in about 300 |isec, 

with about 95% conversion into 0   Under these conditions we would ex- 

pect the final ozone concentration to be nearly the same as the initial 
3 

concentration of 0( P).  At higher initial dissociation fractions or high 
3 

initial concentrations of 0 the conversion of 0( P) to 0 becomes more 
<J 3 

complicated and less efficient. 

To determine the amount of ozone actually produced in Febetron 

excited oxygen mixtures, the transmission of the 2537 A Hg line through 

the gas cell was measured after each shot.  The data are shown in Figure 

17,  From a knowledge of the 0 absorption cross section at 2537 1 

no"172 

(rr = 1.2 x 10   cm from WZI53) and assuming an absorption length of 

2 cm, the concentration of 0 can be determined. 

We find that at a xenon pressure of 1 atmosphere, each Febetron 

15     3 
shot results in the px-oduction of 5.2 x 10  0 /cm .  At three atmo- 

16     3 
spheres we obtain 1,4 x 10  0,^/cm per shot. Comparison with Figure 15 

"I C -iß 

indicates that one would have expected 9.6 x 10  and 2.9 x 10 , respec- 

tively, to be the ozone densities if each Xe dissociated one 0   Based 
2 2 
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on our interpretation of the quenching of Xe  by 0  (see Figure 16) and 
+ 

quantified by the kinetic model described below, some of the Xe exclmers 

3 
are lost by radiation and some by energy transfer to 0( P).  This yields 

+15 16     3 
reduced estimates of 7.8 x 10   and 1.8 x 10  0 /cm at one and three 

atmospheres, respectively.  Remembering the difficulties in making abso- 

lute calibrations (especially estimating the active vo'ume), we will be 

satisfied with this level of agreement. 
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TIE DECAY OF XeO 

The tendency of 0(1S) to form the weakly bound XeO excimer greatly 

complicates the analysis of the decay kinetics.  From the magnitude of 

the binding energy (450 cm'1) one may estimate the relative number 

that are bound at thermal equilibrium.  Our calculations, as well as 

those of Atkinson and Welge (AW74), indicate that even at a xenon pres- 

sure of one atmosphere only about 1.4% of the 0( S) atoms are bound as 

XeO excimers.  Some care will be necessary to separate the effects of 
1 

quenching XeO from those of quenching 0( S). 

Several previous Studie- (CuC74,AW74,FSW70,H070,Ti73,Ti74) nave 

followed the fluorescence and decay of 0( S) in low pressure xenon. The 

recent work by Cunningham and Clark (CuC74) and Atkinson and Welge (AW74) 

have shown that most, if not all, of the apparent collisional deactivation 

of 0(1S) by xenon proceeds through the formation of XeO, which subsequently 

radiates very rapidly. 

In general the equations describing the decay of 0( S) in Febetron 

excited xenon/oxygen mixtures may be written as follows 

1 * 
0( S) + 2Xe -* XeO + Xe 

* 1 
XeO + Xe - 0( S) + 2Xe 

(5) 

(6) 

XeO (2 Z ) 

XeO(l T.)   + hV 
(green bands) 

Xe + 0( P) + IW 

(uv band) 

(7) 
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13 1 
Of   S)   +  0(   P)   - 20(   Ü) 

0(   S)   + O    -• products 

* 3 
XeO    + oT P)   "" pi'oducts 

XeO    + 0    "* products 
2 

3 a 

4a 

(8) 

(9) 

(10) 

(11) 

1„+ 
As noted above the spectroscopic data on XeO(2 i- ) may be used to calcu- 

late the association-dissociation equilibrium constant K = k /k  = 

-22  3 
5.5 x 10   cm . 

At xenon pressures less than 10 atm, the XeO concentration is much 

less than the concentration of fi-ee 0( S) atoms.  Therefore, one cannot 

follow the radiative decay of XeO directly.  Rather, one observes that 

the emission appears to be "collisionally induced."  This may be de- 

scribed by the reaction Xe + 0( S) -* Xe + 0( D) + hy, with an effec- 

tive two-body rate coefficient k .  The range of values for this rate 

coefficient which have been obtained in various laboratories are shown 

in Table IV, The difficulties involved in temperature control in dis- 

charges (CuC74) and very high intensity e-beam excited gases (PMR74b) 

may explain vhe low values obtained under these conditions.  Atkinson and 

Welge (AV/74) found that at 201 K the rate coefficient had increased to 
-15  3 

6.8 ± 0.8 x 10   cm /sec, consistent with the temperature change in 

-1 , ,        o 
the equilibrium constant - exp | + 450 cm /kT] .  At 400 K one would 

expect the equilibrium constant to drop to about | of its room 

-15  3 
temperature value.  If we accept a value of 4.0 + 0,5 x 10   cm /sec 

at room temperature, then the radiative lifetime of Xe0(2 2 ) would be 

-22      -15 
T = K/kR = 5.5 x 10  /4 x 10   =  140 + 20 nsec.       (12) 

Figures 18 and 19 show the decay frequency at 5376 A. of various 

Febetron-cxcited xenon/oxygen mixtures as observed in our laboratory, 
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Table IV 

V cm /sec) 
■15 

6.7 x 10 

1.7 x 10* 
-15 

3.7 x 10 

3.3 x 10 

•15 

-15 

2.0 x 10 
-15 

4.0 x 10 
-15 

Rate Coefficients for 

Collision-Induced Emission of 0( S) by Xe 

Observed 

decay 

intensity 

intensity 

decay 

decay 

decay 

Reference 

FSW70 

CuC74 

AW74 

AW74 

PMR74b 

present work 
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FIGURE  18      OXYGEN  PRESSURE  DEPENDENCE OF  XeO  DECAY 
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INTENSITY COMPARED WITH PRELIMINARY  KINETIC MODEL 

49 

lt^^..-_;J-I.jL..^^-^...;;^c,^aiJi^u^J^.J,....^-.-^.^..^ --.......^^a^a: a^^.,., 
^--■••■-'-  .,..^-.-^...-..^ HMa^MMH^Mliii 



^n^^mm^n irwwwpiüpppwmflww«"™— ppwwpiwi^wwffi^»^ \M,,mm*m« - Am,immim!'t.Mii*-'ju.m'~M 'vv 

The lines drawn through the data are not yet representative of any 

kinetic fit, rather they merely indicate the trends that must be 

explained by the kinetic model. 

Figures 20 and 21 show plots of the observed peak XeO fluorescence 

intensities.  We can see that at low 0 densities the intensity 

increases as the first power of 0 and between the second and third 

power in Xe.  At higher 0 pressures the intensity begins to decrease, 
2 1 

In view of the proposed scheme for production and decay of  0( s) these 

intensity data may be explained as follows: 
* 

(1) At low 0 pressure most of the Xe  is lost by radiation. 
2 ^ 

The amount of energy transfer is proportional to the 0 

pressure. 
* 

(2) At interr.ediate O pressure some fraction of the Xe   results 

3       1 
in excitation of 0( P) to 0( S). 

* 
(3) At high 0 pressure most of the Xe  is lost through dissoci- 

2 ^ 

ation of 0 . 
2 

(4) The XeO intensity is proportional to the xenon pressure through 

the XeO ^ Xe + 0( S) equilibrium. 
3 

(5) The amount of 0( P) produced is proportional to the energy 

deposition [i.e., xenon pressure], 

3 1 
(6) The fraction of the 0( P) that is converted to 0( S) is also 

proportional to the energy deposition. 

Hence, as further amplified below, in the discussion of the kinetic 

model, we expect the XeO Intensity to vary as 

2 

„ rxei
3ro_i.f i—r—.: 

XeO 
I [Xe]3[Oo].(;—i^-^)   , 

2  k + k [0 1 
7   5 2 

(13) 

Where k is the rate coefficient for quencning of Xe by O , and k is 
5 2     2       7 

the pressure dependent radiative lifetime of Xe   (see Figures 13-14). 

The theoretical intensity curves drawn with the experimental data points 

in Figures 20 and 21 are results from our preliminary model calculations, 

Fssentially,we have just used equation 13 with the measured kinetic 

rate coefficients. 
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THE KINETIC MODEL 

We present below a kinetic model for the formation and decay of 

0( S) and XeO in Febetron excited xenon/oxygen mixtures.  Certain 

simplifications have been made that allow a closed form solution.  The 

intent has been to identify the physically important reaction as a start- 

ing point for more exacting experimental verification and more refined 

model calculations.  Initially we assume an instantaneous source of Xe 

* , 15-3     r    u Xe      = 4.8 x 10  cm  per atmosphere 
2 t=0 

2 

(14) 

which may be quenched by 0 

Xe*  + 0 H. 20( P) + 2Xe     k = 1.5 x 10   cm /sec (15) 
2   2 5 

or by 0( P) 
*    3 

Xe„ + 0( P) -» 
2 

roducts 

( o(1s) 
(16) 

+ 2Xe k 
6 a 

Finally if the Xe* fails to find a collision partner,it may radiate 

Xe  -> 2Xe + hv k  = 1/T 
7     xe 

As described above, the 0( S) produced may form the XeO excimer 

k 2Xe + 0(3)-^ XeO(2 E+) + Xe 

(17) 

(18) 

which can then be dissociated again 

*        I 
XeO + Xe -» 0( S) + 2Xe -1 

At room temperature the equilibrium constant is K = k1/
k_1 = 

5'5 x 10 

If left to their own devices,the XeO molecules may radiate 

* 6-1 
XeO -» XeO or Xe + 0 + hv    k2 = 7 x 10  st-c 

More likely is the quenching of the dominant excited oxygen species by 

O(
3
P) 

(19) 

-22 

(20) 

0(1S) + 0(3P) -* 20( D) 
-12 

k ^ 8 x 10 
(FY72fSA75) 

(21) 

Except at low excitation densities, quenching by Q^ 
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0( S) + 0 -♦ products -13   3 
k ~ 2 x 10   cm /sec   (22) 
^ (SWB72) 

is much less important.  Because of Its much lower density direct 
3 

quenching of XeO by 0 or 0( P) is also likely to be unimportant. 

kinetic scheme is illustrated in the energy flow chart, Figure 22. 

We begin with the degradation of the energy stored in Xe 

Defining the shorthand notation 

X = [Xe2*J,  0 - [0(3P)],     S = [O^S)] 

the energy flow equations may be written 

This 

(23) 

dX 
dt 

dO 
dt 

dS 
dt 

-k X - k OX - k 0 X 
7    6     5 2 

+2k 0 X - k OX 
5 2    6a 

+k OX  . 
6a 

(24) 

(25) 

(26) 

Each of these equations is nonlinear in the time-dependent concentrations, 

so that the system does not have an exponential solution.  However, a 

change of variables can linearize the equations.  Specifically we define 

a new time variable y such that 

(27) 
d_ 

dt 
= Xj--» y = J* y(t')dt' 

o 

Then we find that 

dX 
— = -k -k O - k 0 
dy      7  6    5 2 

k 0 
6a 

dO 
— = +2k 0 
dy      5 2 

dS 
— =  k    0     . 
dy    6a 

Further we note that the number of oxygen atoms must be conserved, 

this yields 

20  + o + S = const = 20°  . 
^ 2 

(28) 

(29) 

(30) 

(31) 

Substitution of this relation yields 
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* • 
Xe , Xe2 + 02 

0, 0- 

+Xe. 

Xe + 02 

(Green Bands)    | 

S' I 

SA-1925-101R 

FIGURE 22      ENERGY  FLOW IN  XENON/OXYGEN MIXTURES 
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I 
dX r o   ,   , n _ = _k   k 0 - k [0. - Jo - Js] 
dy 5L 2 

c7 - k502 - (^ - ik )o + Jk S 

— =  2k !()„ - io - JS - k 0 
dy     5  2-^     6a 

dS 

dy 

2k50O2 

k 0 . 
6a 

(k  + k )0 - k S 
6a   5     5 

(32) 

(33) 

(34) 

(35) 

(36) 

We now proceed to solve these linear, coupled equations. 

First, we define the new concentration variables 

Q = 0 + S 

R = X +   S 
k,, 
6a 

(37) 

(38) 

Then the kinetic equations simplify to 

dR ,      o       ! 
—    =    -k    -k0+4k    Q 
dy 7 5 2^5 

dQ o 
-T    =    2k 0o -   k Q 
dy 5  2 5 

For these equations we may immediately write down the solutions 

Q - Q  = 20  [1 - exp(-k y)^ 

(39) 

(40) 

R - R -ly - 02[1 - exp(-k5y) 

(41) 

(42) 

To establish the initial and final conditions we must refer to 

the change of time-variable from t to y.  Specifically 

at  t  =  0.0    y = 0.0,  X =   X   ,     0 =  0.0,     S =  0.0 (43) 

it  t -» oo:    y ->    j1  X(t)dt  = y X -♦ 0.0,  0^0,     S -» (44) 
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Unfolding the relation between Q, W, and S gives 

o 
2k 0 

5 2 

f  k. 
6 a 

—jp [exp(-k5yf) - exp(-k6ayf)] , (45) 

where the subscript f refers to the final density; and 

20 
S = — 
f  k. 

6a   5 

  ^jk (1 - exp(-k v )] - kJl - exp(-k y )]>. (46) 
k  I 6a 5 f     5 6a 1  7 

Finally, the equation for R yields 

k 

r-sf - xo=-Vf - 02[1 -^^sV 
6a 

(47) 

We now have solved for the final concentrations of 0( P) = 0  and 

0( S) = S  in terms of the rather inconvenient parameter y .  We would 

much prefer to have expressions for 0 and S in terms of the oxygen and 

xenon pressures directly.  The parameter y can, of course, be found 

implicitly from the expressions for S and X .  Under our actual experi- 

mental conditions we find that 

r sf ^ v v << ^ and k«ny' ' 
6a 

6aJ 
(48) 

which allow the simplifications 

-X "Vf - 02(k5yf) 

2k
502 

k6a-k5 
[(l-k5yf) (1 " k6ayf) 

(49) 

(50) 

=  202(k5yf) 
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20 

k       -  k      i   6a 
6a 5    v 

(Vf) 
l-(k y  )  + 

S^f 2 

(k6ayf) 

/k y 

o 2 
= 0    k      k y 

2    6a    5Jf 
(51) 

From  these we may simplify even  further,   to give 

7 5  2 
(52) 

If we define the effective excitation transfer parameter 

Z = k y 
5y 

5 o 
k_ + kO 

5 2 
(53) 

then 

0. = 
o 

20 Z 
2 (54) 

S  = 
o 6a  2 0„ — z 2 k 

5 
(55) 

Quenching by 0( P) 

Having determined k (as a function of xenon pressure) and 

k = 1.5 x 10   as well as X = 4.8 x 10   cm  per atmosphere, we can 
3 

proceed to calculate the absolute concentration of 0( P) and thereby 

determine the rate coefficients for the reactions in which it participates. 

Specifically, it was mentioned above that the dominant loss of 0( S) (and 
3 

indirectly XeO) was expected to be through quenching by 0( P).  Recent 
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FIGURE 23      QUENCHING OF O^S), AND  INDIRECTLY XeO,  BY 0(3P) 
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have become very noisy after subtraction of the dominant quenching by 

0^.     Nevertheless it is possible to extract a slope,  ,id hence a value 

for k6 - |kg.   This yields ^ = 1.3 + .4  x  10 "9 cm3/sec.  This value 

is rather larger than the 5.7 x 10   expected from the ionic mode1, 

above but once again one must remember the difficulties in the absolute 

calibration from which the 0('p) density was calculated. 

Production of 0( S) 

The operating efficiency of a xenon/oxygen laser depends funda- 

mentally on the branching ratio in the reaction 

products k 

Xe2 + 0( P) -» 

0(1S) + 2Xe 

6 

6a 

(58) 

15 At the highest xenon pressures we have used (5450 torr), ovc 4 x 10 
13 

0( S)/cm were produced at a number efficiency of almost 12%. 

Obviously, the excitation processes are relatively efficie'.il. 

Based on our solution of the kinetic equations above (53-55), we 

1 o 2 
find that a graph of the 0( S) observed versus 0 Z should give the 

quantity k^/^ as its slope.  Figures 25 and 26 show such graphs.  The 

linear relationship is apparent.  The value of the slope is not precise 

but yields k^ = 6 + 2 x 10   .  This value is in remarkably good agree- 
-10 

ment with the 5,7 x 10   estimated from the ionic mechanism above. 

The discrepancy between k , k  , and the calculated rate is not yet 
6   6a 

understood. 

The various important reactions and their rate coefficients are 

summarized in Table V. 
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Table V 

REACTIONS IN XENON/OXYGEN MIXTURES 

Reaction 

Xe  + 0 -♦ Products 
2 

Xe  + 0( P) _> Products 

* 3 
Xe  + 0 -♦ 20( P) 

2   2 

Xe  + 0( P) -^ Products 

Xe* + 0(3P) ^ 0(1S) 

Xe -» 2Xe + hv 

0( D) + Xe -^ 0( P) + Xe 

Xe + 0( S) -» hv 

XeO(2 s:+) ^ hv 

Rate Coefficient 

(cm /sec etc.) 
Literature 

Value 

2.2 x 10 
-10 

k = 1.5x10 
5 

-10 

k = 1.3 + 0.4x10 
6       — 

-9 

-10 
k  = 6 + 2x10 
6a    - 

k = variable to 
7      7 6x10' 

Reference 

VS74 

LEH73 

-10 
1,0+ 0.4x10   DH70 

-15 -15 
k = 4.0 +0.5x10    3.7 + .6x10    AW74 
H       — — 

k = 7x10 7x10 

0( S) + 0( P) _» Products k = 4.5 + 0.5xl0~  8xl0~ 

0( S) + 0 -» Products 

0( S) + O -> Products 
3 

2.1x10 
-13 

5.8+1x10 
-10 

AW74 

S£75>FY72 

SWB72 

LGSW71 

0 + 0 + Xe-»0  +Xe     2.4+ .5x10 
2 - 

0 + 0 -* 20„ 
3    2 

-33 

0 + 0 + Xe -» 0 + Xe    5.1 + 1x10 
2        3 

-34 

6.8 x 10 
-15 
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LASER OPERATION 

The efficient operation of an XeO laser in e-benm excited xenon/ 

oxygen mixtures depends on choosing the pressure and excitation con- 

ditions to obtain the optimum competition between the reactions that 

destroy Xe  and create 0( S) 

Xe2* ., 2Xe + hNJ k 

Xe 

Xe 

■ 02 _, 20( P) + 2Xe 

*    + 0(3P) ^ | Products 

'0( S) + 2Xe 
6a 

Enough 02 must be provided so that most of the energy is transferred 

and is not lost by radiation.  in addition the 0(3p) produced by 

dissociation must compete effectively with the residual 0 for what- 
* 2 

ever Xe  remains. Hence we conclude that the concentration of 0 
* 2 

should not greatly exceed that of the Xeo produced by the electron 

beam. 

The kinetics of formation of 0( S) and XeO occur on a 10-100 nsec 

time scale.  In the absence of a laser field, the decay is on a 1-10 

U.sec time scale.  Thus each 0( S) produced is present at the peak in 

the population.  Further, the rapid equilibration of 0(1S) with XeO 

means that we may refer to the production efficiencies of these two 

species interchangeably.  We define the peak population efficiency or 

peak number efficiency through 

no. eff 
peak [0( S)] 

total [Xe ] 
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In   the absence of  bottlenecking,   the overall   laser efficiency may 

be  calculated  [as   in our previous   report   (HGHML74)],   using the  formula 

laser eff  =   (rare gas  pumping  eff)   x   (quantum eff) 

x  (XeO    no.   eff) (60) 

We use 50% as the efficiency with which the e-beam pump energy can 

be converted into xenon excimer?.  The quantum efficiency is just the 

ratio of the energy of the XeO photon (at 5376 or 3080 A) to the 7.2 eV 

energy of the xenon excimer. 

To estimate the maximum efficiency obtainable, we note that in the 

two-step dissociation and excitation mechanism, at best three Xe  oxcimers 

could produce two 0( S) excited atoms.  This would suggest a maximum 

number efficiency of 67%. The inequality of k  and k implies that 
6 a 6 

the observed maximum number efficiency will  be  somewhat  less.     Under 

these  assumed conditions of high energy transfer efficiency,   the  approxi- 

mations made above  in equation 48 break down,   so  that the approximate 

solutions   (53-55)   are no  longer valid. 

Specifically,   if almost all  the oxygen is dissociated and  excited 

we  find  that 

k y > 1   and k    y > 1 
5 6a 

(61) 

where the effective time-variable y is defined in equation 27, and 

hence 

20° 
2        r "I O 

S R-   [k  - k ] = 20 
k  - k   6a   5     2 
6a   5 

Further,   the  fact  that  few of the Xe       excimers succeed in radiating 

(62) 

means  that 

V « Xo (63) 
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and hence 

6 o 
X      «  S + 0„ 
ok 2 

6a 6a 
(64) 

Finally   the  asymptotic  number efficiency   for XeO    becomes 

o 6     6a 
38% (65) 

Thu overall   laser efficiencies  then become 

1725 
laser ef f  at  5326  l ~ (50%)   x   ( )   x   (38%) & 6% 

5376 

1725 
laser ef f  at  3080 I ^ (50%)   x   (-——)   x   (38%) ~ 11^ 

To provide  some  further credibility  to these  rather large efficiencies 

we present  in figure 27  a plot of the 0(  S)  number  efficiency versus  xenon 

pressure  observed  in our  laboratory  at  an oxygen  pressure of 4.65  torr. 

Even under  these medium pressure,    low excitation de-, sity conditions,   a 

number efficiency of almost 12% was obtained.     This  corresponds  to a 

laser efficiency of  1.9% at 5376 A and  3.3% at  3080 ^.     For comparison, 

Power et   al.   (PMR74b)  have  recently  claimed an energy storage of  2% on 

the green-band  transition of KrO. 

For most  lasers,   bottlenecking becomes a serious  limiting  factor. 

This  is  not expected to be the case  for  the XeO laser.    The laser 

action observed by Powell et al. (PMR74b)   in the green bands of XeO was 
1 + 1 + 

on the 0^4,   0-^5 and 0-^6 vibrational  transitions from 2 y;    to  1 y;  ' 

One could anticipate that at the high  xenon pressures  to be used, 

vibrational  relaxation in the lower state  should be extremely rapid. 

Accumulation of a  large population of 0(   D)  should also not be a 
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3 
problem.  The quenching to 0( P) by xenon Is rapid (see Table V and 

DH70) and is mediated by the curve crossing between the 

iV    3 - 
1 £ and 1 £ shown in figure 10. The absence of a bottlenecking 

problem is even more apparent in the 3080 continuum band of XeO, which 

terminates on the repulsive 1 J] potential curve. 

Some further comments are appropriate concerning the optimum 

conditions for a XeO laser.  The low binding energy of the upper laser 

level, XeO (2 E ) means that at room temperature with a reasonable 

xenon pressure, most of the excited oxygen exists as free O^S).  For a 

long pulse or cw laser operation this may be satisfactory, since the 

population removed by stimulated emission will be rapidly replaced by 

three-body association.  For short-pulse high-energy operation it will 

he  desirable to push the equilibrium from 0(1S) + Xe to XeO.  Since a 

xenon pressure of greater than 70 atmospheres would be necessary at room 

temperature, it is apparent that low-temperature high-pressure xenon or 

an obvious extension, liquid xenon, is indicated. 

The observation that ozone is copious Ly produced by repeated 

e-beam excitation of xenon/oxygen mixtures, and that the intensity of 

the XeO emissions is thereby increased, suggests further thrt liquid- 

xenon/ozone mixtures may yield an even more efficient XeO laser.  We 

hope to obtain further details on the kinetics of energy transfer to 

ozone in the near future. 

We conclude this section with a pessimistic comment concerning 

the possibility of long pulse operation.  Powell et al (PMR74a,b) 

have observed that laser action does not begin until the electron beam 

is terminated.  In the analogous Kr/0 and Ar/0 systems they have 

found that there is a transient absorber, which disappears with the 

termination of the electron pulse. This absorber appears even in pure 

argon and krypton, and apparently eliminates the laser giin both in 

the green and uv bands (PM75).  The definite nature of ard antidote to 

these absorbers must be found before long pulse laser operation will be 

possible. 
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CONCLUSIONS 

The spectral emission emanating from high pressure gas mixtures of 

Xe + 0 excited by energetic electron beams have been examined photo- 

graphically and photometrically. The results are: 

(1) The excitation energy of the electron beam, initially deposited 

in the xenon, is rapidly and efficiently transferred (via both the Xe 

metastable and the Xc2* excimer) in a two-step process.  The first step 

dissociates the 0 .  The second energy transfer collision excites the 
2 •?       1 1 

*■„««, n/ D1
» i-n  or O   The 0( S) then radiates as XcO. resulting oxygen atoms from 0( P) to )(  ü).      int. uv o/ 

(2) From analysis of the spectral and theoretical information avail- 

able we have constructed semiquantitative potential curves for the 

low-lying states of XeO. 

(3) From the six kinetic rate coefficients we have measured, com- 

bined with others from the literature, we have constructed a prelimi- 

nary kinetic model which agrees well with the experimental observations. 

(4) The kinetic model predicts potential laser efficiencies of 6% 

at 5376A and 11% at 3080%, under conditions of very high xenon density 

and optimally low temperature. 
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APPENDIX 

OPTICAL EMISSIONS  FROM  c-BEAM  EXCITED GAS  MIXTURES 

by 

R. A. Gutcheck, R. M. Hill, D. C. Lorents, ü. L. Huestis, 

M. V. McCuskor, and H. H. Nakano 

Molecular Physics Center,, Stanford Research Institute 

Menlo Park, CalU'ornia 94025 

MP 75-12 

Abstract 

A high energy electron beam has been used to pump mixtures of 

rare gases and atmospheric gases or metal vapors.  Bright optical 

emissions have been produced, and a table is given listing both the 

observed transitions and their relative intensities. 

(Tc o be  published,   J.  Applied Physics,  Auguat   1975) 
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One of the most promising efforts to produce high energy lasers 

operating in the visible or uv portions of the spectrum makes use of 

electronic energy transfer in e-beam excited high pressure gas mixtures. 

Recent developments in e-beam technology allow capacitor-stored energy 

to be converted efficiently to electron energy that can be deposited in 

i gas.  Although e-beam excitation of most gases generally produces a 

variety of excited neutral and ionic states, in pure high density rare 

gases the deposited energy is rapidly converted to a few excimer levels 

(lying within a narrow energy band).  These levels radiate to the dissoci- 

ative ground state, giving rise to the well-known rare gas vuv continuum 

bands.  In these systems, the conversion of e-beam to electronic state 

energy has an efficiency of approximately 50%. ' 

The kinetics of e-beam excited high density rare gases are now 

aufficlently well understood to permit prediction of the population 

densities of the atomic and dimer ions, and the neutral atomic and dimer 

excited states, under both cw and pulsed excitation conditions.  Depend- 

ing on which rare gas is being pumped, electron excitation energies can 

vary from about V.5 eV (Xe) to 20 eV (He).  These energies are sufficient 

to excite a range of electronic states in any other atomic or molecular 

species by the mechanism of collisional energy transfer.  Energy 

transfer processes can frequently be quite specific, leading to excitation 

of only a few states of the receptor.  Such mechanisms can be an effective 

method ol producing electronic state inversions. 
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In this paper we pres.i t the results ol a survey study of optical 

emissions from the e-bej.m excitation of various rare t;as-acldi tive mixtures. 

The dominant emissions observed are tabulated, as well as the relative 

intensities of the various bands originating from a particular gas  combination. 

The survey soughl to identify potential lasing systems and this is the first of 

a series of papers that will include detailed kinetic studies of electronic 

energy transfer processes in the promising candidates, 

4.5 
Our experimental apparatus has been described in detail elsewhere. 

Briefly, optical emissions, resulting from the pulsed electron excitation 

of a gas mixture under high pressure, are viewed photometrically (RCA 1P28 

and 7102 PMT) and p lotographically (polaroid type 57 film).  A Febetron 706 

(Hewlett-Packard) provides a 3-nsec 6000 amp pulse of 600 keV electrons that 

enters one of several target cells, some of which can be heated.  A hi^h vacuum 

gas handling system is connected to the stainless steel cells, and both ultra- 

high purity and research grade gases are used.  Typical pressures were from 

two to four atmospheres of rare gas plus 0.1 to 57c of the additive gas.  The 

observable spectral range extends from 1200 A to 11,000 A.  The qualitative 

intensity estimates of the emissions are listed as observed, and do not 

account for the collisional deactivation or the absolute transition probabilities 

of the emitting state.  The data obtained from microdensitometer traces of the 

pho ographic film did agree well with the peak intensities of the decay curves 

as recorded by the photomultiplier tubes.  In addition to the survey results 
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listed here, we have examined in more detail both the temporal and spectral 

characteristics of some of the mixtures (e.g., Ar + N  + NO, Xe + 0 , and 

Xe + Hg); these results, including accurate number density determinations 

and a kinetic analysis of the relevant reactions, will appear in future 

papers. 

The table lists the most significant emissions, with each column represent- 

ing a different major gas constituent.  The rare gas excimer radiation, which 

we observed in some cases, is not listed in the table.  Column 1 contains those 

mixtures in which argon is the major gas present.  In some cases residual gases 

in the Ar and N gas bottles gave low intensity molecular bands, but these have 

not been listed. The brightest emissions are the 2+ and 1+ systems of N in 

(Ar + N ) mixtures, the C Swan system in (Ar + CO) mixes, and the y  bands of 

NO.  In the (Ar + CO) mixtures, we observe emissions emanating from both the v'-6 

and v':=0 vibrational levels of the upper state of the Swan bands.  The ratio of 

the peak intensity of the (6,5) emission to that of the (0,0) emission is about 

five at 760 torr, and decreases with increasing pressure to one at 6400 torr. 

3 . 
Since N (A jv) has a very small transition probability, nitric oxide 

was added to the Ar + N mixture to monitor the population of the N (A). 
2 2 

This is because the reaction oi N (A) with NO gives rise to the NO y  bands 

which are more easily observed.  In other cases, as listed in the fourth 

column, Ni (A) has been used as an intermediate energy storage level between 

the rare gas excitation (Nr being l4i  to  S'i of the total) and a third 

6,7 
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gas  or  vapor   that   is added,   in  order  to observe  energy   transfer   from N, (A). 

For  example,   mixtures  of   argon   (2   atmospheres)   and  metal   vapors   (at   a   few 

torr)  yield   transitions   from highly excited  metal   atom   levels   following 

the   febetron pulse;   this   implies  direct  energy   transfer   from   the  argon 

metastables.     When 5':;   N2   is  added   to   the mix,   most  of   the  emissions  arise 

from much   lower excited   levels  of   the metal  atom,   which  suggests   that   the 

predominant  energy  transfer occurs   from  the Ar   to   the  N,   and   finally   from 

the  metastable N   (A)   state   to   the  metal. 

The  third  column has  xenon   as   the  majority  gas.     The effects  of  the major 

impurity  present   in Xe   (0^   which  produces XeO bands),   was  minimized  by  flow- 

ing   the  Xe   through  a   hot   copper   furnace.     The   table  does   not   include   these 

impurity  emissions,   but  only   those  XeO bands  due   to  actual  dissociation of  an 

additive  gas.     We   found   that  any  mixture with a  minor  constituent  containing 

oxygen produces XeO emissions,   except   for CO,   whose  dissociation   limit   is   too 

high. 

The  brightest   features are   the  nitric oxide  y bands   (Xe  +  N    + NO),   the 

XeO  bands   (Xe  + C02  and Xe  + N^)   and   the XeHg  excimer emissions   from heated 

(Xe  + Hg)  mixtures.     The y band  emissions resulting  from NO reacting with 

N2{A)   are  brighter  in Xe  + N2  +  NO  than  in Ar +  N2  + NO     for   the  case of   iden- 

tical   partial   pressures  of  N2  and  NO.     This   is  probably  due  to   the greater 

energy deposition  that  occurs when Xe   is   the  absorber.     The   rxe-Ar)+ band at 

3300 A has  be,.»  identified  by Tanaka8  in high pressure   (Xe  + Ar)   Mixtures. 
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Because  of   the   lower energy  of Xe     and Xe       no  N,   2+ emission  is  produced 
^    z 

by energy transfer.  We did not see the upper N (B 0 ) vibrational transi- 
2 u 

g 
tions (v'=5) as observed by Nguyen et al.  This is due to two effects that 

occur at higher pressures: the preference of xenon metastables to form 

excimers over the transferring of their energy to the N  triplet states, and 

the vibrational quenching of the upper N (B) levels before they can radiate. 

The second column contnins emissions in which Kr was the major gas.  Our 

emphasis has been on energy transfer in the heavier gases (Ar, Kr, or Xe). 

This is because of the much lower energy deposition that occurs in neon 

and helium, and because the metastable and excimer levels of He and Ne are high 

enough to cause Penning ionization or dissociation of most additives.  In Kr 

mixtures, the brightest emissions seem to be the KrO bands (similar to the 

Xe + CO case), the y bands in Kr + NO, and the C  bands in Kr + CO.  As in 
* 2 

the case of Xe, we see little emission from Kr + N . 

The orientation of this survey is to investigate various gas mixtures 

as possible laser candidates.  We have made detailed studies of the kinetics 

4 5 10 11 
of the Ar + N2,      and Xe + 0 mixtures,   both of wMch have demonstrated 

12,13 
laser action;     Xe + Hg is currently being analyzed in the same manner. 

Since the survey is p.   of a more elaborate and detailed investigation that 

involves the development of kinetics describing the energy flow between the 

gases, the results given in this paper should be viewed as the first step ii> 

providing basic knowledge that can later be used to optimize the efficiency aid 

performance of lasing systems. 
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